The detection of boron in natural water and wastewaters is still limited to a few methods, requiring a compromise between sensitivity, reliability and accessibility. Here we present a novel polymeric fluorescent boron sensor with excellent water solubility, boron sensitivity, ease of handling, which can be easily recovered and reused. The new off-on fluorescent boron sensor is able to detect and quantify ppb amounts of boron in water, with a limit of detection of 10 ppb of boron, both for boric acid and phenylboronic acid. The sensor was prepared by copolymerizing methacrylic acid with a polymerizable asymmetric hexa-substituted triphenylene, obtained by oxidative cyclization of biphenyl and catechol precursors.
Introduction
Boron is an important micronutrient for plants, animals and humans and its presence is crucial for several body organs in humans and animals (such as the brain, the skeleton and the immune system).
1 However, high concentrations of boron can limit plant growth or even lead to its death, and in humans may result in reproductive and developmental toxicity, nausea, vomiting, diarrhoea, dermatitis and lethargy. [2] [3] [4] Therefore, the consumption of food and water with high boron contents is potentially hazardous. In drinking water, boron is usually present in concentrations below 0.5 mg L À1 (0.5 ppm), with the World Health Organization recommending boron concentrations in water for human consumption below 2.4 ppm, 4 and the European Union allowing only 1.0 ppm.
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The most sensitive methods for determining boron content in water are Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 6 and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), 7 but these require nonportable and complex equipment, with high operation costs. Spectrouorimetric and spectrophotometric methods are a good compromise for boron detection, featuring good boron sensitivity, low acquisition and operational costs, simplicity of operation, and the possibility of use in eld work. In recent years there has been a growing need to develop chemical sensors for fast monitoring of environmental samples at low cost. Boron-chelating compounds have gained increased attention for use in new boron sensors.
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The family of compounds based on 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) have been widely used in the synthesis of discotic liquid crystals (DLC's) [11] [12] [13] and more recently in covalent organic frameworks (COF's), 14, 15 due to their unique properties such as one-dimensional charge migration, electroluminescence, and self-assembling behaviour. The chelating properties of HHTP have been also used in optical uorescent sensing systems for boron 10 and picric acid. 16 The boron sensor based in unmodied HHTP relies on its large increase in uorescence emission intensity when in the presence of boron. However, the solubility of HHTP is extremely reduced in water (10 À6 M), and sensor aggregation somehow limits the sensitivity and reproducibility of the method. To overcome the low water solubility, a possible strategy is the incorporation of water soluble groups in the HHTP core, or alternatively, the incorporation of HHTP in a water soluble vector (e.g. a polymer chain). Triphenylene derivatives can be prepared using different strategies. [17] [18] [19] [20] The rst published approach was the trimerization of three phenyl units (precursors of the peripheral rings of triphenylene), which is more indicated for symmetrical derivatives. The oxidative trimerization of catechol derivatives itself would be an attractive and very reasonable method for the direct synthesis, however, the reported oxidative trimerization of catechol with iron(III) chloride is not effective and forms impure HHTP derivatives (because of the formation of triphenylenes with two, four or six positioned OH groups). 21, 22 In fact, preparation of asymmetrical derivatives through this single step strategy gives low yields and is very laborious due to the statistical formation of several derivatives. Alternative strategies to prepare asymmetrical HHTP derivatives 23 rely on: (i) terphenyl intermediates, prepared by oxidative coupling to form biaryl bonds from arenes, by palladium-catalyzed coupling with arylzinc halides, followed by oxidative cyclization with FeCl 3 / H 2 SO 4 , 24, 25 or by photocyclization of the terphenyl units (although the later presents a problem of regioselectivity for asymmetric substitution, usually decreasing the yield); 26 (ii) biphenyl intermediates, obtained mainly by palladiumcatalyzed coupling reactions, 27 inter or intramolecular DielsAlder reactions, 28 or oxidative cyclization with FeCl 3 ; (iii) naphthyl intermediates, using Diels-Alder cicloadditions to obtain triphenylenes, 29 (which can also be obtained by classical Friedel-Cras chemistry from functionalized naphthalenes); or (iv) phenanthryl cores, where the last peripheral ring of the triphenylene is formed on an isolated phenanthrene derivative by a Diels-Alder reaction, in which the diene is frequently a phenanthrene with exocyclic double bonds.
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Here we describe the design of an optical boron sensor based on a polymerizable hexaalkoxy triphenylene derivative for the detection of boron in wastewaters and natural water. To improve solubility issues previously found for the unmodied HHTP sensor, we use a common strategy for increasing the water solubility of probes and sensors, consisting in coupling these to water soluble moieties or dispersible systems. 31, 32 We introduce water soluble ethylene glycol groups in the HHTP core, and couple this with a water soluble poly(methacrylic acid) chain (PMAA).
Results and discussion
The synthetic strategy designed to prepare the polymerizable water soluble HHTP derivative take into account that: (i) at least one group of vicinal diols must be available in the nal compound for boron chelation; (ii) a spacer between the polymerizable group and the triphenylene moiety is necessary to minimize interaction of the boron-chelating groups with the polymer backbone; and (iii) a hydrophilic group should be added to increase the water solubility of the nal sensor. The asymmetric functionalization of the HHTP sensor strongly limits the strategy to obtain the triphenylene ring. The most explored route to prepare symmetrically substituted alkoxytriphenylenes is the oxidative trimerization of catechol derivatives. However, if applied to asymmetrical triphenylenes using different catechol derivatives as starting material, a mixture of products is obtained, which are usually very hard to separate and purify. To overcome this extra difficulty, we selected the oxidative cyclization of biphenyl compounds with catechol derivatives in the presence of FeCl 3 as oxidizing agent.
The synthetic route starts with the synthesis of an asymmetric catechol, with an ethyleneglycol chain and a methacrylate unit for subsequent polymerization (4, Scheme 1). The mono-pegylated catechol 2 was obtained in a mixture with the di-pegylated derivative, but there are easily separated by successive acid/basic extractions and recovered in moderate yields. A spacer based in an alkyl chain was added to the monopegylated catechol 2 and the product (3) was obtained in quantitative yield. The asymmetric catechol 4 was prepared by reacting the terminal hydroxyl group with methacryloyl chloride, in anhydrous conditions and low temperature. The biphenyl intermediate was prepared through a typical Suzuki cross-coupling reaction (Scheme 2).
The demethylation of 4-bromoveratrol with boron tribromide produces the bromo-cathecol 5 in quantitative yield, and the condensation with 3,4-dimethoxyphenyl boronic acid catalyzed by tetrakis(triphenylphosphine)palladium(0) in the presence of potassium carbonate yields the asymmetric biphenyl 6a. The target asymmetric triphenylene 7a was obtained from the reaction of the asymmetric catechol 4 and the asymmetric biphenyl 6a, catalyzed by FeCl 3 . As intended, the target triphenylene 7a has a polymerizable group, a hydrophilic moiety and vicinal diols for boron complexation. This asymmetric triphenylene is soluble in water and slightly soluble in DMF, and for an accurate characterization (especially photophysical), we prepare its tetra-methylated analogue 7b, following the same strategy employed for the preparation of 7a (Scheme 2). The NMR prole are similar for 7a and 7b, and the photophysical properties (absorption and emission spectra) are identical to those of HHTP. The derivative 7a, was copolymerized with methacrylic acid by a free radical process in DMF, with AIBN as initiator (Scheme 3). The polymerization reaction was carried out at 80 C overnight, and the nal polymer (7a-PMAA) was obtained as a dark powder aer precipitation in cold diethyl ether. The polymer was characterized by GPC-MALS, in DMF with LiBr (0.05 M). The chains have a molecular weight of M n ¼ 5700 g mol À1 , with a size dispersity of 1.2. The functional polymer 7a-PMAA has UV-vis and uores-cence (excitation and emission) spectra similar to those of the free monomer (7a). In Fig. 1 the UV-vis absorption spectra and the uorescence (excitation and emission) spectra in DMF of the triphenylene derivatives (7a and 7b) and polymer (7a-PMAA) are compared to those of the unmodied HHTP sensor. The UVvis absorption spectra and the uorescence excitation spectra are similar for HHTP, 7a and 7b, presenting two bands (a sharp peak at 280 nm and a shoulder around 310 nm). In the case of 7a-PMAA, the excitation spectrum is identical to the other compounds but the absorption spectra have a broader band, and the shoulder at 310 nm is not visible. This can indicate interaction between the triphenylene derivatives along the polymer chain leading to absorption by non-emissive aggregates (not detected in the excitation spectrum). The uores-cence emission spectra (with excitation at 310 nm) of 7a, 7b and HHTP are also very similar below 460 nm, with a maximum at 382 nm, and three relative maxima or shoulders at 370 nm, 402 nm and 422 nm, characteristic of the local excited state emission of the hydroxytriphenylene chromophore. The emission maximum in DMF is independent of the substituents, indicating no signicant intramolecular charge transfer in the excited state. 33, 34 However, in the case of 7a a small broad peak is visible around 550 nm, possibly due to interactions between the PEG chains and the free hydroxyl groups of the triphenylene moiety, leading to aggregation or excimer formation.
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In the case of 7a-PMAA, the emission spectrum is red shied, with a maximum at 408 nm and three relative maxima or shoulders at 370 nm, 384 nm and 426 nm. As in 7a, an intense This journal is © The Royal Society of Chemistry 2017 broad band appears around 550 nm, probably due to interaction of the PEG chains with the hydroxyl groups of triphenylene core and of the methacrylic acid units of the polymer.
The efficiency of HHTP to chelate and detect boron compounds in aqueous solution at pH 9 was previously studied by our group. 10 We found that the uorescence emission of HHTP is strongly quenched at basic pH, and that a strong emission enhancement is observed at ca. pH z 8-10, proportional to the concentration of boron.
Although the HHTP sensor gave good results when tested with either boric acid or phenylboronic acid, its very low water solubility required very careful preparation procedures. The incorporation of the sensor in a water soluble polymer has two main advantages: (i) to increase the sensor concentration (the HHTP solubility in water is only 10 À6 M); and (ii) to allow recovering the sensor aer use, by precipitation at acid pH.
Here, we performed boron detection experiments with our new boron sensing polymer at pH 9 in aqueous solution (with 20 mM ammonia buffer), with phenylboronic acid (Fig. 2 ) and boric acid (Fig. 3) , in boron concentrations from 0 to 38 ppm.
The uorescence emission spectra of 7a-PMAA strongly depends on the amount of boron in solution, either as boric acid or phenylboronic acid, with an increase in the uorescence emission intensity with boron concentration being accompanied by a shi in the emission maximum wavelength. The limits of detection, dened as the lowest boron concentration that can be reliably detected, were calculated as the concentration for which the difference in the spectra of 7a-PMAA in the presence of boron relative to that of free 7a-PMAA equals three times the standard deviation of the blank.
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In our case, the limit of detection is LOD ¼ 10 ppb both for boric acid and phenylboronic acid, two orders of magnitude below the lowest established boron concentration limit in water, 1 ppm, 5 and comparable with the LOD of the best optical methods, such as azomethine-H (LOD ¼ 10 ppb). 4 The limits of quantication (LOQ), dened as the lowest boron concentration that can be reliably quantied, were calculated as the concentration for which the difference in the spectra of 7a-PMAA in the presence of boron relative to that of free 7a-PMAA equals ten times the standard deviation of the blank. 38 In our case, the LOQ is 0.1 ppm for phenylboronic acid and 0.6 ppm for boric acid. We estimate the linearity range to be between 0.1-10 ppm for phenylboronic acid and 0.6-20 ppm for boric acid.
We have conducted recovery and reuse experiments with the 7a-PMMA sensor. The recovery was performed at acid pH, with regeneration of the sensor (release of the boron), and the reutilization test was performed using the conditions previously reported. The sensing performance of 7a-PMMA towards boric acid and phenylboronic acid is preserved aer recovery and the response is similar to that of fresh sensor within experimental error (Fig. 4) . À5 M of 7a) in the presence of 38 ppm of boron after initial contact with boron and after one recovery cycle, in NH 3 buffer (0.02 M) at pH ¼ 9. The spectra were recorded at l exc ¼ 310 nm after two hours equilibrating in the dark. The emission wavelength was 420 nm when in the presence of B(OH) 3 or 426 nm when in the presence of PhB(OH) 2 . The recovery of the sensor was performed at pH z 1.
The selectivity of the stand-alone triphenylene sensor towards boron in the presence of other metal ions is relatively low, but it can be circumvented by using an anionic chelating agent such as EDTA, as previously reported. 10 In the present case, the sensor polymer backbone, based on methacrylic acid (deprotonated under the experimental conditions), acts as a chelating agent for several metal ions. We have performed interference studies on the sensing of boric acid and phenylboronic acid in the presence of Ca 2+ , Mg 2+ and Zn 2+ (without EDTA, Fig. 5A ). In the case of Ca 2+ and Mg 2+ , the sensor performance was not affected by the presence of the metal ions (the polymer backbone acts as a chelating agent). For Zn 2+ we observed a reduction in the sensor performance, which was reverted by adding EDTA (Fig. 5B) .
Conclusions
We present a new and very sensitive water soluble polymeric boron sensor, containing an asymmetric substituted triphenylene in a poly(methacrylic acid) backbone. The polymerizable asymmetric substituted triphenylene sensor unit was successfully synthesized by oxidative cyclization of biphenyl and catechol precursors. This new off-on uorescent boron sensor, able to detect and quantify ppb amounts of boron in water, was tested for boric acid and phenylboronic acid. The limit of detection of the new sensor is 10 ppb for both boric acid and phenylboronic acid. Our novel polymeric uorescent boron sensor features large water solubility, excellent boron sensitivity and ease of handling, and can be recovered aer use by precipitation in acidic conditions, exhibiting the same performance as the fresh sensor. Aldrich. Mass spectra were collected on a Micromass Quattro Micro API using electrospray ionization. Column chromatography was performed using Merck silica gel 60 (0.040-0.0063 mm). Thin layer chromatography was performed using Merck silica gel 60 F254 aluminium plates and visualized by UV light.
Experimental section

Materials and methods
Spectroscopic N,N-dimethylformamide ($99.9%, Aldrich) was used as received for the characterization of hydroxytriphenylene compounds. The aqueous solutions were prepared in demineralized water from a Millipore system Milli-Q 18 MU cm.
Absorption and uorescence measurements. UV-visible absorption spectra were obtained in a JASCO V-660 spectrometer, using quartz cells (l ¼ 1 cm). The uorescence spectra were recorded on a Horiba Jobin Yvon Fluorolog 3-22 spectrouorim-eter using quartz cells (l ¼ 1 cm), excitation slits with 3 nm bandwidth, emission slits with 5 nm bandwidth, integration time of 0.5 s per point, maximum sensitivity, and right angle mode. The emission spectra were recorded between 330 and 600 nm with excitation wavelength l exc ¼ 310 nm. The absorbance at the excitation wavelength was maintained lower than 0.6. All measurements were made at room temperature (23 C).
pH measurements. pH was measured using a VWR pHenomenal pH 1000 L pH meter equipped with a VWR pHenomenal MIC 220 microelectrode and a VWR pHenomenal PT1000 1 M temperature sensor.
Gel permeation chromatography with multi-angle lightscattering. (GPC-MALS) was performed in DMF with LiBr (0.05 M), using a Shimadzu LC-20AD pump tted with a Phenogel column (pore size 100Å; molar mass range 500-6000; column temperature: 60 C) and a Phenogel precolumn from Phenomenex, a Shi- 
Synthesis of 2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenol (2).
A mixture of NaH (55 mg, 2.25 mmol) in dry dioxane (3.0 mL) was stirred under nitrogen atmosphere for 30 minutes. To this mixture, a solution of catechol (0.5 g, 4.5 mmol) in dry dioxane (3.0 mL) was added dropwise, and aer 30 min, a second solution, of compound 1 (0.72 g, 2.25 mmol) in dry dioxane (3.0 mL) was added dropwise. The reaction mixture was le under reux overnight, cooled down, and treated carefully with MeOH to destroy the remaining NaH. The solvent was removed under reduced pressure and a solution of HCl (10%) was added to the resulting yellow oil. The aqueous phase was extracted with dichloromethane. The organic phase was washed with a solution of NaOH (10%) to remove the di-substituted catechol. The basic aqueous phase was then acidied with HCl (1 M) and extracted with dichloromethane, to isolate the desired mono-substituted catechol 2. The organic phases were dried with anhydrous MgSO 4 , ltered and the solvent removed under reduced pressure to afford 2 as a yellow oil (0.325 g, 28% 2-(2-(2-methoxyethoxy) ). Synthesis of 6-(2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) phenoxy)hexyl methacrylate (4) . To a solution of 3 (0.36 g, 1.01 mmol) in dry dichloromethane (15 mL), triethylamine (0.21 mL, 1.52 mmol) was added under nitrogen atmosphere. The reaction temperature was dropped to À78 C, in a liquid nitrogen/ acetone bath. To this mixture distilled methacryloyl chloride (0.15 mL, 1.52 mmol) was added dropwise and the reaction temperature was then raised to room temperature and le overnight. The solvent and remaining methacrylate, either in the acid or acyl form, were removed under vacuum. The oil residue was washed with water to remove the triethylamine salts and the aqueous phase extracted with dichloromethane (3 Â 15 mL). The combined organic phases were washed with a solution of NaOH (10%) (3 Â 40 mL) and brine (3 Â 40 mL). The organic phase was dried with anhydrous MgSO 4 , the solvent evaporated under reduce pressure to afford 4 (0.3 g, 70%) as a yellow oil. Synthesis of 6-(6,7-dihydroxy-10,11-dimethoxy-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)triphenylen-2-yloxy)hexyl methacrylate (7a). To a solution of 6a (0.06 g, 0.24 mmol) and 4 (0.36 g, 0.85 mmol) in dry dioxane (8 mL), a solution of FeCl 3 (0.51 g, 3.12 mmol) in dry dioxane (7 mL) was added under argon atmosphere. The reaction was kept for 90 min. at room temperature and aer that time half of the solvent was evaporated and methanol was added to the reaction crude. This mixture was kept overnight in the freezer, to precipitate the desired asymmetric triphenylene. The resulting powder was isolated under ltration and exhaustively washed with methanol and water to ensure that all iron has been removed. The black power was dried under vacuum to afford 7a (0.04 g, 25% Synthesis of 6-(6,7,10,11-tetramethoxy-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) triphenylen-2-yloxy)hexyl methacrylate (7b). To a solution of compounds 6b (0.05 g, 0.18 mmol) and 4 (0.27 g, 0.64 mmol) in dry dichloromethane (7 mL), a suspension of FeCl 3 (0.38 g, 2.34 mmol) in dry dichloromethane (6 mL) was added under argon atmosphere. The reaction was kept for 90 min. at room temperature and aer that time half of the solvent was evaporated and methanol was added to the reaction crude. This mixture was kept overnight in the freezer, to precipitate the hexa, substituted triphenylene. The resulting powder was isolated under ltration and exhaustively washed with methanol and water to ensure that all iron has been removed. The white greenish power was dried under vacuum to afford 7b (0.029 g, 23% Polymerization of 7a with methacrylic acid (7a-PMAA). To a solution of 7a (0.032 g, 0.048 mmol) and AIBN (0.008 g, 0.048 mmol) in dry DMF (4 mL) under argon atmosphere was added the distilled methacrylic acid (0.081 mL, 0.96 mmol). The reaction mixture temperature was increased to 80 C, and stirred for 16 h.
The resulting black solution was poured into a large excess of cold diethyl ether to induce polymer precipitation. The 7a-PMAA polymer was ltered, washed several times with diethyl ether and dried under vacuum to afford a black powder in quantitative mass yield (0.11 g). The recovered polymer was analysed by GPC-MALS (found M n ¼ 5. ; M w /M n ¼ 1.2). Sensor performance measurements. A solution of 7a-PMAA in water at pH 9 with 7.04 Â 10 À5 M in hydroxytriphenylene (8.07 mg of polymer for 50 mL of water) was prepared in a polypropylene ask. The boron samples were prepared in 2 mL polypropylene capped microtubes by adding 0.07 mL of boron solution or Milli-Q water (blank), 0.2 mL of 0.2 M NH 4 OH buffer at pH 9 (previously adjusted with HCl or NaOH), and 1.73 mL of 7a-PMAA solution (7a nal concentration of 6.09 Â 10 À5 M, in NH 4 OH 0.02 M). The solutions were equilibrated in the dark for 2 h at room temperature (23 C) before UV-visible absorption and uorescence measurements. Special attention was taken to avoid contact between 7a-PMAA sensor solutions and borosilicate glass (including the glass electrode) until the nal pH measurements, in order to prevent errors due to possible interaction of 7a-PMAA sensor with the glass.
Sensor recovery and reuse measurements. Aer a boron sensing measurement, the samples were acidied to pH 1 to release the chelated boron and induce precipitation of the polymer. The polymer was recovered by centrifugation and used in a new sensing measurement at pH 9 (NH 4 OH 0.02 M). At this stage, UV-visible absorption and uorescence measurements were performed before adding 38 ppm of boron to conrm the regenaration of the sensor.
Sensor interference measurements. A solution of 7a-PMMA in water at pH 9 with 7.04 Â 10 À5 M hydroxytriphenylene (4 mg of polymer for 25 mL of water) was prepared in a polypropylene ask. The boron samples were prepared in 1 mL polypropylene capped microtubes by adding 0.035 mL of boron solution (38 ppm of boron) or Milli-Q water (blank), 0. 
